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WIND-TUNNEL LIFT INTERFERENCE ON SWEPTBACK WINGS 

IN RECTANGULAR TEST SECTIONS 

WITH SLOTTED TOP AND BOTTOM WALLS 

By Ray H. Wright and Raymond L. Barger 
Langley Research Center 

SUMMARY 

A theory is presented for the boundary-induced upwash interference on a sweptback 
lifting wing mounted at the center of a rectangular wind-tunnel test  section with slotted 
top and bottom walls  and closed side walls. A sample calculation for a wing spanning 0.7 
of the width of a square tunnel shows the spanwise variation in the interference charac
terist ic of this type of test  section. For this example, the wing sweep did not have a 
large effect on the interference. 

INTRODUCTION 

Because of the reliance placed on wind-tunnel tes ts  in  the design of aircraft  and in 
the prediction of their performance, it is important to know how the tes t  results a r e  
affected by the interference of the wind-tunnel boundaries, and, if the interference is sig
nificant, to be able to make at least  f irst-order corrections. One type of interference 
results from the interaction of the tunnel boundaries on the l i f t  produced by a wing. If 
the l i f t  is directed upward, the interaction of closed tunnel boundaries produces a relative 
upwash, whereas the interaction of open boundaries produces a relative downwash. If the 
tunnel boundary is partly open and partly closed (e.g., slotted), the interference may pro
duce either upwash or downwash depending on the particular wall configuration. 

The wind-tunnel boundary interference due to l i f t  on wings mounted at the centers 
of rectangular test  sections with slotted top and bottom walls  and solid side walls can be 
calculated by use  of theoretical developments presented in references 1 and 2. Refer
ence 1 gives the interference at the center of the tunnel and reference 2 gives an average 
interference over the wing span of the model. However, if the span of the wing is not 
small relative to the width of the test section, the variation of the interference over the 
span may be significant. If, in addition, the wing is swept back, the sweep may affect the 
interference. The tunnel boundary interference due to l if t  of sweptback wings in  wind 



tunnels with open o r  closed boundaries is treated in  reference 3, but no comparable treat
ment f o r  slotted boundaries has  previously been available. 

In the investigation reported herein a theory for the boundary-induced upwash on a 
sweptback lifting wing centrally located in  a test section with slotted top and bottom walls 
and closed side walls has been developed. Application has  been made to a sweptback 
wing spanning 0.7 of the width of a square test  section with slotted top and bottom walls 
and closed side walls. 

SYMBOLS 

area; a l so  a r e a  on which CL is based 

parameter  in solution of transformed Laplace equation 

segment of airfoil span included in a discrete point representation 

width of test section 

cross-sectional a r e a  of tes t  section 

l i f t  coefficient of model 

distance between centers  of two adjacent slots 

base of Napierian logarithm 

variable of transformation on (y - y1) 

exponential Fourier transform of cp on (x - XI) and (y - y1) 

exponential Fourier transform of S2i on (y - y1), 

limit of ~i as a - o 

antisymmetric solution of transformed Laplace equation 

height of test  section 



j summation index 


K1 modified Bessel function of the second kind 


k any odd integer, index of summation 


2 restriction constant of slotted wal ls  (developed in  ref. 2) 


L total l i f t  of model 


AL element of l i f t  


M Mach number 


n any even integer, index of summation 


points t i )  --,OL,A,O and ($;) respectively 

ratio of slot width to distance between slot centers 

upwash velocity 

tunnel s t ream velocity 

Cartesian coordinate axes 

Cartesian coordinates 

coordinates of image of a lifting element 

x-location variable of integration 

a! a positive rea l  parameter  

ACI! angle interference deg 
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circulation 

Dirac delta 

upwash interference factor 

upwash interference factor a t  point Pi 

coordinates of a lifting element 

density of test  medium 

velocity potential 

interference potential 

velocity potential of a semi-infinite line doublet 

modified velocity potential defined by equation (3) 

variable of transformation on (x - XI) 

exponential Fourier t ransform of 'pi on (x - x1) 

Subscript s: 

i position identification 

j position identification 

ANALYSIS 

The lifting wing is represented by a distribution of semi-infinite doublet lines 
starting at discrete points of lift application on the sweptback wing and extending down
s t ream toward infinity. For the justification of such representation see  reference 4. 
The doublets a r e  oriented as indicated in figure 1. The total interference is the sum of 
the interferences due to the interaction of the boundaries on the individual doublet lines. 
Figure 1also shows the coordinate orientation relative to the test  section of height h 
and width b. With the origin at the center of the test  section, the coordinate x is in the 
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1 1--Positive lift direction 

Closed side wall 
--+Y 

-(xI,y, ,O),typical image location 

(E.q.O),location of a lifting element 

-Doublet or ientation 

Original doublet line 

Doublet line for image 

Figure 1.- Schematic drawing of test section and doublet configuration 
showinq coordinate designation. 

st ream direction, y is normal to the closed side walls, and z is vertical, positive 
upward. Positive lift is taken in the positive z-direction. The boundary-induced upwash 
velocity, positive in the positive z-direction, due to a single lifting element located at 
some point ( [ , q , O )  in the horizontal center plane is now derived. The potential at a field 
point (x,y,z) due to a lifting semi-infinite line doublet starting at (xl,y1,0) may be obtained 
by integrating the potential of a three-dimensional doublet over the line. The potential 
at a field point (x,y,z) of such a doublet located at (xi,y1,0) is 

where r d A  is the doublet strength, and r is the circulation enclosing the a r e a  dA of 
the elementary double source. (See ref. 5, page 203.) If a is the length of the span of 
the airfoil chosen f o r  discrete representation by the doublet line, then dA = adxi and the 
potential due to the doublet line is 



-,. ,
1 , 

Let  

Then 

By formula (261, p. 16, and formula ( l l ) ,  p. 118, of reference 6, and equation (3-6), p. 37, 
of reference 7, the exponential integral transform of qi on (x - XI) with variable of 
transformation w is 

for  a! 10, d(y - yl)2 + z2 > o 

where K1 is the modified Bessel function of the second kind (called third kind in ref. 6). 
By formula (44),p. 56, and by formula (5), p. 118, of reference 6, the exponential integral 
transform of S2: on (y - y1) with variable of transformation g is 

With transformations on (x - xi) and (y - yl), the Laplace equation, 

a2 q -+ fi+ 3-
a 2  ay2 az 2 =  0,  transforms to 
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A solution of this equation which has the required antisymmetry in z is 

I .  \ 

G1(w7g,z)= A(w,g)sinh(l(w2 + g2z) 

The equivalent homogeneous wall boundary condition (see ref. 2) is 

The positive and negative signs in equation (8) apply at the upper and lower boundaries, 
respectively, and 2 is the restriction constant given by equation (3) of reference 2 as 

1 = -d log, csc(?) 
7T 

where d is the distance between the centers of two adjacent slots and ro is the ratio 
of slot  width to the distance d, o r  for a uniformly slotted wall simply the proportion of 
the wall that is open. The restriction constant has the dimensions of a distance and 
approaches zero for an open tunnel and infinity for a closed tunnel. Equation (8) then 
gives the correct  boundary conditions for these limiting cases  and transforms to 

aG
G * 1 - = 0  az (9) 


For positive z ,  

and 

Insertion of (Gd + GI) f o r  G in the boundary condition (eq. (9)) for  the upper boundary 
z = $  gives 



The same equation applies at the lower boundary, and it follows by solution for A(w,g) 
and substitution into equation (7) that the transform of the interference potential is 

lim ra-
lY -0 2 

The interference potential is thus 

By taking the limit in equation (15), integrating the term containing 
evenness in g, the upwash velocity v at z = 0 is 

r-

The upwash interference factor is defined as 

6 =- c v  
AVCL 

where 

V upwash velocity 


V tunnel s t ream velocity 


8 

a >  0 (13) 

6 ( w ) ,  and noting the 
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C 

CL 

A 

Moreover 

cross-sectional area of tes t  section 

lift coefficient of model 

a r e a  on which CL is based 

c r a  c ~ V r a  =-- C AL--=
1AVCL 8a2 16a2 AZpV2CL 16a2 

where AL is the element of lift represented by ra  and L is the total lift of the 
model. Also 

C = hb 

Then the contribution to the upwash factor at a point (x,y,O) due to the slotted-wall 
influence associated with the lifting element image at (xl,yl,O) is found from equa
tions (16), (17), and (18) to be 

On changing the variables to p = hw and q = hg, 

In equation (19) 
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Let  the original lifting element be located at (t,q,O); then the element and its images 
in the solid side walls a r e  all lifting elements and a r e  located at (5,kb - q) and at 
(5,nb + q), where 

and 
k = f l ,  +3, + 5 .  . . 

n = 0, +2, k4, f6 . . . 

To every such lifting element there  corresponds a contribution A6 to the upwash inter
ference factor arising from the top and bottom slotted walls and having the form of equa
tion (19). A further contribution to the downwash interference factor is made by the 
images in the solid side walls.  From equation (1) the upwash velocity produced at (x,y,z) 
by a lifting element image located at (xl,yi,O) is 

By equations (17) and (18) the corresponding contribution to the upwash interference factor 
in the XY-plane, z = 0, is 

Let  (A6)ij be the contribution to the upwash interference factor at a point (xi,yi,O) 
corresponding to a lifting element located at a point (tj,qj,O). Then by summing all the 
contributions of the form of equation (19) due to the top and bottom slotted walls and all 
contributions of the form of equation (20) due to the images in the side walls, the total 
contribution to the upwash interference factor at (Xi,yi,O) due to the lifting element at 
(tj,qj’0 )  is found to be 
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sin[g -94 
P 

L J O  

f 

P 
+ I cosh 32 

TI- r 


+ 

k 



where 
k = * l ,  13 ,  *5. . . 
n = 0, 12 ,  14, * 6 .  . . 

The total upwash interference factor at (xi,yi,O) due to all lifting elements in the presence 
of the tunnel boundaries is 

SAMPLE CALCULATION 

Let  a wing swept back 35' and spanning 0.7 of the test-section width be mounted at 
the center of a square, slotted wind-tunnel test section with solid side walls and with 
four symmetrically spaced slots in  each of the other two walls as shown in figure 2. 

wall 

Figure 2.- Schematic drawing of cross section of wing 
and test section. For sample calculation sum of slot 
widths i n  boundary of width b i s  0.06b. 

Let the slots occupy 6 percent of the a r e a  of each slotted boundary. Then by application 
of equation (3) of reference 2 the restriction constant 1 is given by 

-I = -d log, csc  
h 7rh rrh 

= 2-(b)loge csc(T)47r h 

_ - 1 
4rr 
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Let  the lifting wing be represented by lifting elements located at points P1,P2,. . .,Pl0 
on lines of 35O sweep as shown in figure 3. 

< -Side walls of test section - 

c 

._ 
c 

0 

.-e 
0 

5 

c 


t2 


X 

Figure 3.- Representation of sweptback wing for sample calculation. 

The coordinates of these points and the lift distribution assumed a r e  given in the following 
table: 

I 
' Point 

- -

-'j
h 

o r  -xi 
h (Y)j 

~ ~__ 

p1 
p2 
p3 

0.0246 
.0738 
.1229 

0.0351 
.lo54 
.1756 

0.1342 
.1334 
.1118 

p4 
p5 

.1721 

.2212 
.2458 
.3160 

.0769 

.0437 

~. 

'6 .0246 -.0351 .1342 


p7 .0738 -.lo54 .1334 


'8 .1229 -.1756 .1118 


p9 .1721 -.2458 .0769 


plo .2212 -.3160 .0437 
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With substitution of = 1 and = 0.18 and with use of the coordinates -[j 3 2 
h h h ’  h ’  h ’  

and 5 and of the lift distribution (e)jgiven in the table, the upwash interference fac
h 

tor  (A6)ij at any point Pi corresponding to  a lifting element at any point Pj can be 
computed by use of equation (21), where the arguments of the sine and cosine functions 
must be carr ied to values large enough to assure  convergence of the integrals with infi
nite upper l imits and k and n must be carr ied to values large enough to assure  con
vergence of the summations. The total upwash interference factor a t  point Pi is the 
sum of contributions from all points Pj and is given by equation (22) as 

10 
P 

61 = 2 
j = l  

Since the wing is symmetrical about its midspan, it was necessary to compute 6i for  
points on only one side of the midspan. The points Pi = PI, Pa, P3, P4, and P5  were 

X i  Y ichosen. Computation of 6i was made also for the points PO=(- -) = ( 0 ,  0) and 
h ’  h 

Pi1 =(;, = (0.2459, 0.350). (Note that PO and P11 a r e  i-points, but not j-points, 

whereas all other points are both i-points and j-points.) The calculation was performed 
on an IBM 7094 electronic data processing system. 

The calculated values of 6 i  a r e  shown in figure 4 as a function of spanwise posi
tion 2 Y i  on units of the semispan. For  comparison the upwash-interference factor

0.7 h 

.04 


0 


,04 


08 
0 .2  .4 .6 .8  I .o 

Distance from midspan in semispons 

Figure 4.- Upwash interference factor for wing swept back 35O 
and spanning 0.7 of width of a square test section wi th four-
slotted top and bottom walls and closed side walls, slot opening 
6 percent of each slotted wall. 

for a straight wing is a 50 shown. The straight-wing interference was approximatec by 
estimating the average upwash for an equivalent (0.9 span) uniformly loaded straight wing 
by use  of reference 2 and adding the spanwise variation produced by the first five images 
in each side wall. The approximation is affected by the simplified loading assumed as 
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well as by the simplified calculation procedure, but, within the accuracy of this approxi
mation, it appears that the effect of sweep on the upwash velocities produced by the bound
a ry  interference is small  for the example chosen. 

For a lifting wing in a wind tunnel with slotted top and bottom walls and closed side 
walls, the slots permit  a downflow relative to the upflow in a closed tunnel, and the slots 
do not have to be very wide for a net downflow to result, as shown by negative values of 
6i i n  the example. This effect is more clearly shown in reference 1. On the other hand, 
the closed side walls constrict the flow and produce a relative upflow which increases 
toward the walls. For the example shown the average interference factor is small ,  but 
the spanwise variation, which produces an effect like twist to increase the angle of attack 
toward the tip, may be significant. If the wing had spanned more than 0.7 of the width of 
the test section, this effect would have been greater.  This effect increases ever more 
strongly as the wing tip approaches the wall. 

To see what the interference factor of figure 4 means in t e rms  of angle of attack on 
a practical model, suppose that the sample wing has an area of 0.06 of the cross-sectional 
a r e a  of the test section and is being tested at a lift coefficient of 0.6. Equation (17) gives 
for the angle interference in radians 

so  that in degrees the angle interference is 

ACY= 0.06 X 0.6 X 57.3 X 6 

For the particular sweptback wing fo r  which 
the values of 6i are shown in figure 4, the 
corresponding values of the angle-of -attack 
increment ACY are presented in figure 5. 
The maximum tunnel-boundary interference 
on the angle of attack of the wing of this 
example is seen to be O.O9O, but the varia

? 
tion from root to tip is 0.14'. 

-08 


.04 

0 

9 
U 


0 

0 

e 
r 

.- -.04 

-.08 

-.I2 0 .2 .4 .6 i.o 
Distance from midspan in semispans 

Figure 5.- Angle interference corresponding to 6 for  sweptback 
wing of f igure 4. A/C = 0.06; CL = 0.6. 
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DISCUSSION 

The theory presented herein for the boundary-induced upwash interference due to 
lift on swept wings mounted at the centers of wind-tunnel test sections with slotted top and 
bottom walls and solid side walls is exact for the boundary conditions assumed. The 
accuracy of calculated results depends on accurate representation of the wing and on 
carrying the integrations and summations far enough to assure  convergence. In consid
eration of the usual uncertainty in the knowledge of the lift distribution and of the approx
imate knowledge of the boundary conditions, it is believed that representation of the wing 
by 10 lifting elements as in the sample calculation is adequate. The use of homogeneous 
rather than exact slotted-wall boundary conditions is believed to introduce negligible 
e r r o r  if there are several  slots rather than only one or two in each slotted wall and i f  the 
wing does not approach a slotted wall. On the other hand, the action of the slots is uncer
tain and correspondingly so  is the true effective restriction constant. The restriction 
constant used is calculated on the assumption of potential flow outward from the test  sec
tion through slots with thin edges and no boundary layer. For outflow through coarse 
slots,  this method of calculation should yield approximately correct  values for the rest r ic
tion constant, but for very narrow slots or for strong inflow from the plenum chamber 
surrounding the slots, the calculated values of the restriction constant may be appreciably 
in e r ro r .  This latter situation may exist at the upper slotted wall for a model producing 
large lift values. The panels at the upper wall then become immersed in a thick boundary 
layer,  so that they lose their effectiveness and the upper boundary condition may approach 
that for an open boundary. The effective restriction constant under such conditions needs 
experimental investigation. 

Even if the effective restriction constant at the upper wall is appreciably different 
f rom the value assumed, it does not necessarily follow that the total boundary interference 
is greatly affected. This statement is supported by some unpublished results of research 
which show that the lift interference for a wing mounted at the center of a test  section 
having solid side walls and c r e  solid horizontal boundary with the other horizontal bound
a r y  open was almost the same as i f  all four boundaries had been closed. The boundary-
induced upwash decreased strongly only as the wing was moved near to the open boundary. 
It seems reasonable to suppose that similar behavior would occur in the slotted tunnel as 
the lifting wing is moved nearer to the slotted upper wall. An experimental investigation I' 

of this effect would be desirable. If the slots are not of uniform width, an added uncer
tainty exists. 

From these remarks and the results in the section entitled "Sample Calculation," 
it may be concluded that a lifting model tested in  a wind tunnel with slotted top and bottom 
walls and solid side walls should be kept well away from the slotted walls and should span 
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not more than 0.7 of the tunnel width. This statement suggests that the wing should be 
mounted at the center of the test section and that the tunnel height-to-width ratio should 
be not much l e s s  than 1. If the wing is sensitive to angle-of-attack variation over the 
span, a span of 0.7 of the tunnel width may already be too great. The comparison shown 
in figure 4 suggests that i f  the wing does not span more than 0.7 the tunnel width then the 
upwash interference can be well approximated without consideration of the wing sweep. 

Within the applicability of linearized theory, the upwash interference factor is not 
affected by compressibility at subsonic speeds, provided the s t ream boundary, including 
the slots, runs  approximately parallel to the tunnel s t ream direction. The theory pre
sented herein may therefore be applied for subsonic compressible flow as well as for 
incompressible flow. 

The theory can be used to calculate the upwash velocities anywhere in the XY-plane 
and thus corrections for the moment due to boundary-induced upwash at the tail or for the 
lift due to boundary-induced curvature of the flow can be applied. A compressibility cor
rection can be made by applying the upwash velocities at x d E 2  rather  than at x,  
where x is the distance from the lifting element and M is Mach number. The flow 
curvature receives a compressibility factor 1 . For  practical-size three

{Z 
dimensional models, the l i f t  correction due to flow curvature is commonly assumed to be 
negligible. 

RESUME 

The upwash interference factor due to wind-tunnel boundary interference on the lift 
of sweptback wings center-mounted in test  sections with slotted top and bottom walls and 
closed side walls has been obtained in the form of infinite convergent integrals and sum
mations suitable for calculation by means of a high-speed digital computer. The inter
ference fpctor is given as a function of position in the plane nominally containing the wing. 
In a sample calculation for a wing swept back 3 5 O  and spanning 0.7 of the test-section 
width the interference was found to be not much affected by the sweep. For this example 

3 the interference was everywhere small ,  but the solid side walls produced a sharp relative 

, increase of the upwash toward the wing tips. 
1 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., January 21, 1966. 
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